Irish, B. M., Correll, J. C., Feng, C., Bentley, T., and de los Reyes, B. G. 2008. Characterization of a resistance locus (Pfs-1) to the spinach downy mildew pathogen (Peronospora farinosa f. sp. spinaciae) and development of a molecular marker linked to Pfs-1. Phytopathology 98:894-900. Downy mildew is a destructive disease of spinach worldwide. There have been 10 races described since 1824, six of which have been identified in the past 10 years. Race identification is based on qualitative disease reactions on a set of diverse host differentials which include openpollinated cultivars, contemporary hybrid cultivars, and older hybrid cultivars that are no longer produced. The development of a set of nearisogenic open-pollinated spinach lines (NILs), having different resistance loci in a susceptible and otherwise common genetic background, would facilitate identification of races of the downy mildew pathogen, provide a tool to better understand the genetics of resistance, and expedite the development of molecular markers linked to these disease resistance loci. To achieve this objective, the spinach cv. Viroflay, susceptible to race 6 of Peronospora farinosa f. sp. spinaciae, was used as the recurrent susceptible parent in crosses with the hybrid spinach cv. Lion, resistant to race 6. Resistant F 1 progeny were subsequently backcrossed to Viroflay four times with selection for race 6 resistance each time. Analysis of the segregation data showed that resistance was controlled by a single dominant gene, and the resistance locus was designated Pfs-1. By bulk segregant analysis, an amplified fragment length polymorphism (AFLP) marker (E-ACT/M-CTG) linked to Pfs-1 was identified and used to develop a co-dominant Sequence characterized amplified region (SCAR) marker. This SCAR marker, designated Dm-1, was closely linked (≈1.7 cM) to the Pfs-1 locus and could discriminate among spinach genotypes that were homozygous resistant (Pfs-1Pfs-1), heterozygous resistant (Pfs1pfs-1), or homozygous susceptible (pfs-1pfs-1) to race 6 within the original mapping population. Evaluation of a wide range of commercial spinach lines outside of the mapping population indicated that Dm-1 could effectively identify Pfs-1 resistant genotypes; the Dm-1 marker correctly predicted the disease resistance phenotype in 120 out of 123 lines tested. In addition, the NIL containing the Pfs-1 locus (Pfs-1Pfs-1) was resistant to multiple races of the downy mildew pathogen indicating Pfs-1 locus may contain a cluster of resistance genes.
Spinach (Spinacia oleracea L.) is an economically important vegetable crop in the United States. The crop is grown on approximately 23,000 ha producing approximately 317,000 metric tons of fresh and processed spinach valued at over 170 million dollars annually (24) . The availability of spinach in convenient, precleaned, and packaged units has resulted in a significant increase in both production and consumption of spinach in the United States in the past 10 years (17, 24) . In the United States, fresh market spinach production increased from 134,000 metric tons in 1998 to over 317,000 metric tons in 2005 (24) . The per capita consumption of fresh market spinach also has increased from 0.3 kg/person in 1995 to approximately 1.0 kg/person in 2005 (24) . Downy mildew, caused by Peronospora farinosa (Fr.) Fr. f. sp. spinaciae (Pfs) Byford (=P. effusa) (3, 6) , is an economically important disease of spinach in most spinach production areas worldwide. Ten races of Pfs have been described, with races 4 through 10 having been identified since 1990 (4, 8, 13, 14, 15) . Characterization of races of Pfs is based on qualitative disease reactions on a set of host differentials (14, 15) , an approach widely used to identify races of many plant pathogens. For spinach, the current set of differentials is comprised of new and old commercial hybrids as well as open-pollinated cultivars and breeding lines (14, 15) . This is problematic as seed of the hybrids is produced from proprietary inbreds, which may become unavailable when companies stop production of a particular hybrid. Thus, development of open-pollinated near-isogenic lines (NILs), each having a single resistance locus in an otherwise susceptible genetic background, would be ideal as differentials for race identification of Pfs. These NILs also could be used as material to better elucidate the genetic basis of resistance, and for development of molecular markers linked to disease resistance loci.
Although minor gene or field resistance to Pfs has been reported (5,15), single or major gene resistance has been the primary means for disease management (9) . However, there are few published reports on the genetics of resistance to Pfs (22) . Early work reported that resistance to races 1 and 2 of Pfs was controlled by a single dominant gene (26, 27) . Eenink (10, 11) later showed that resistance to races 1 and 2 were controlled by two closely linked major genes. Subsequent work also was conducted on the source and inheritance of resistance in both open-pollinated and hybrid spinach lines to races 1, 2, and 3 of the downy mildew pathogen (12) . From all of these earlier studies, it was concluded that the cv. Califlay had homozygous resistance (RR) to races 1 and 3, and was homozygous susceptible (rr) to race 2; cv. Polka was RR for race 1 and heterozygous resistant (Rr) for races 2 and 3; and cv. Resistoflay was RR for races 1 and 2, and rr for race 3. Genetic analysis of F 2 progeny generated by backcrosses of F 1 progeny to the cv. Virginia Blight Resistant supported these initial findings (10, 11) . The linkage among these loci was not clear, but it was postulated that resistance to race 1 was linked to resistance to race 2 in cv. Polka whereas resistance to race 1 was linked to resistance to race 3 in cv. Califlay (10, 11) .
Molecular markers linked to important traits, including disease resistance, are now being used as tools in plant breeding programs. However, molecular markers have not been used for disease resistance selection for spinach. Thus, identification of molecular markers linked to Pfs resistance in spinach could expedite the introgression of resistance genes into advanced breeding material. These markers could also provide information on the pedigree and allelism of resistance, and could be used to determine the frequency of susceptible inbreds (seed that develop from selfed female plants) in otherwise elite resistant commercial hybrid lines. Currently, spinach breeding programs rely on the ability to maintain reference races of the downy mildew pathogen, and utilize pathogenicity tests for screening and identification of resistant plants. These procedures are time consuming, labor intensive, subject to specific environmental conditions, and reliant on the ability to maintain reference isolates of an obligate pathogen over long periods of time. Thus, molecular markers linked to disease resistance loci could provide a more robust means for introgressing resistance genes into advanced spinach breeding material.
The objectives of the present study were to develop a homozygous resistant spinach NIL for the race 6 resistance locus (designated Pfs-1), determine the genetic basis of this resistance, and develop a molecular marker linked to this locus. Race 6 of Pfs was selected because, at the initiation of this study in 2003, it was one of the most prevalent and economically important races in California and the European Union (15) .
MATERIALS AND METHODS
Spinach genetics. Spinach is a dioecious plant. Thus, specific crosses are performed by placing male and female plants in isolation cages in order to ensure genetic purity in crosses and to prevent contamination from external sources of spinach pollen (22) . However, despite being dioecious, female plants can still be selfed, i.e., in the absence of pollen from another male plant, a female plant will produce a small amount of pollen that allows for self-pollination (22) . Hybrid cultivars typically are heterozygous for resistance for a given race with resistance to certain races contributed by one parent and resistance to other races contributed by the second parent. In hybrid seed production, selfing is undesirable because this results in inbred seed which will not have the desired resistance to the various races of the downy mildew pathogen contributed by both the male and female parental inbred lines (22) .
Genetic terminology. The terminology used in this study describes two genetic loci (Pfs-1 and Dm-1) and the molecular marker Dm-1. The Pfs-1 locus controls the resistance to race 6 of the spinach downy mildew pathogen (Pfs) and the genotypes at this locus are determined by genetic segregation analysis of resistance to race 6. Genotypes of the Dm-1 locus are determined by polymerase chain reaction (PCR) analysis with the Dm-1 marker.
Population development. The two parent spinach lines used for development of the NIL were the cv. Viroflay, the recurrent susceptible parent, and the hybrid cv. Lion, the race 6 resistant donor parent (15) . The cv. Viroflay contains no known resistance to any previously described races of Pfs (15) and is considered homozygous susceptible (pfs-1pfs-1) at the race 6 resistance locus. The hybrid cv. Lion is resistant to races 1 through 9, with the male parent resistant to races 1 through 7 and 9 and the female parent resistant to races 1, 3, 5, 8, and 9 (J. Braber, personal communication). Thus, Lion is heterozygous (Pfs-1pfs-1) for resistance to race 6.
Spinach plants were grown in the greenhouse for 4 weeks and then subjected to an 18 h photoperiod for 2 weeks to induce flowering. Only female Lion plants and male Viroflay plants were kept in the greenhouse during the initial crossing procedure. Seven female Lion plants were individually placed in isolation chambers with at least two male Viroflay plants as pollinators. To facilitate pollination, male Viroflay plants were shaken over the female Lion plants daily. Seed from individual plants were harvested as bulked F 1 populations (designated PL1 to PL7) and single line seed populations were maintained in subsequent backcross generations.
A total of 218 F 1 plants were initially screened for disease reaction to a race 6 (isolate SP1) of Pfs, as described below, in order to identify resistant individuals (Table 1 ). These resistant F 1 progeny were then backcrossed to Viroflay females to develop the BC 1 F 1 population. Subsequent resistant progenies were identified by inoculation with race 6, and were used to pollinate Viroflay to generate four subsequent backcrosses generations.
Development of NIL-Pfs1. Six resistant BC 4 F 1 plants were selected and self-pollinated to produce the BC 4 S 1 population. Five of the twenty-two resistant plants from the BC 4 S 1 population were self pollinated to produce the BC 4 S 2 population. Progeny from two of the BC 4 S 2 lines (plant 17A [n = 204] and plant 12F [n = 14]) were evaluated for resistance to race 6, and for homozygozity at Pfs-1 based on the genetic analysis of resistance of the progeny (i.e., all progeny of a selfed line are resistant).
Downy mildew resistance screening. Spinach genotypes and segregating populations were planted in 100 cm × 50 cm flats containing Scotts Redi-Earth medium (Scotts, Marysville, OH) and fertilized twice a week after seedling emergence with Peter's (13-13-13) (Scotts). Plants were inoculated with a sporangial suspension (2.5 × 10 5 /ml) of race 6 of Pfs (isolate SP1) at the first true leaf stage as previously described (14, 15) . The inoculated plants were placed in a dew chamber maintained at 18°C with 100% relative humidity for a 24 h period and then moved to a growth chamber maintained at 18°C with a 12 h photoperiod for 6 days. After 6 days, the plants were returned to the dew chamber for 24 h to induce sporulation and scored for disease reaction. Plants were scored as resistant or susceptible based on symptoms of chlorosis and signs of pathogen sporulation on the cotyledons TABLE 1. Segregation ratio of the downy mildew race 6 resistance locus in the cross Lion × Viroflay F 1 and recurrent backcross populations a and true leaves as previously described (14, 15) . Plants exhibiting any evidence of chlorosis and sporulation were considered susceptible. Resistant plants were re-inoculated, to assess whether plants initially scored as resistant had escaped infection. Bulked seed of the BC 3 F 1 generation were also evaluated for resistance to other races of Pfs (races 1, 2, 4, 5, 6, 7, 8, and 10). AFLP analysis. Genomic plant DNA was isolated from 100 mg of leaf tissue collected from individual plants of the BC 3 F 1 population. The tissue was initially frozen and then ground in liquid nitrogen. The extraction method used 2% CTAB extraction buffer according to the procedure of Murray and Thompson (23) . Genomic DNA was purified by chloroform:isoamyl alcohol extraction, precipitated in absolute ethanol and then dissolved in 1× TE buffer. The AFLP Analysis System II (Invitrogen Life Technologies, Carlsbad, CA) was used for spinach genotyping according to the manufacturer's instructions. All 64 possible primer combinations included in the kit were used to generate the AFLP fingerprints. Both pre-amplification and selective amplification steps were carried out in a DNA Engine PTC-200 Peltier thermal cycler (MJ Research, Walthman, MA). The AFLP bands were visualized either by α 33 P-dATP labeling during selective amplification or by silver staining of unlabeled AFLP products on standard polyacrylamide sequencing gels.
Gel images were analyzed with the Image Quant software version 5.1 (Amersham) or by manual scoring. AFLP loci were scored as either present (1) or absent (0) and genetic similarity (GS) was calculated using Jaccard's coefficient of similarity (16) with NTSYSpc 2.10e (Exeter Software, Setauket, NY). Bulked segregant analysis was used to identify candidate linked AFLP markers (20) . Each bulk consisted of DNA from 12 resistant or 12 susceptible plants from each generation. Linkage analysis was performed using Mapmaker Exp 3.0 software (Eric Lander, Cambridge, MA).
SCAR analysis. The critical 199 bp AFLP marker (E-ACT/M-CTG) from the BC 3 F 1 generation was excised from the polyacrylamide gel, reamplified by PCR, purified from agarose, and cloned in the pCR2.1 TOPO plasmid (Invitrogen Life Technologies, Carlsbad, CA). Plasmid DNA was extracted from four putative E. coli transformant colonies, and the presence of the cloned AFLP fragment was verified by restriction enzyme digestion and PCR analysis. The cloned PCR fragments in the recombinant plasmids (BI-1, BII-13, BIII-14, and BIV-18) were sequenced using the M13 primers (Invitrogen Life Technologies, Carlsbad, CA) at the DNA Resource Center, University of Arkansas. Four primer pairs (Dm-1, Dm-3, Dm-4, and Dm-5) were designed from the aligned identical sequences of the four cloned fragments. These primer pairs were used to screen for SCAR polymorphisms in the BC 3 F 1 population ( Table 2 ). The amplification parameters for the 35-cycle SCAR-PCR were: 94°C for 1 min, 60°C for 1 min, 72°C for 1 min, and with a final extension of 72°C for 3 min. The resulting SCAR-PCR amplification products were visualized in a 3.0% Metaphor agarose gel (Cambrex, East Rutherford, NJ).
Evaluation of the Dm-1 marker. Within the original mapping population, the Dm-1 marker developed from the cloned AFLP fragment was used to evaluate the homozygous susceptible parent cv. Viroflay and the heterozygous resistant parent cv. Lion. Subsequently, 118 BC 3 F 1 plants as well as 218 BC 4 S 2 plants were evaluated.
To test the effectiveness of the Dm-1 marker outside of the original mapping population, a total of 123 spinach lines representing a wide range of commercial cultivars, advanced breeding material, and putatively fixed (homozygous) resistant (to race 6) parental inbred lines (provided by Takii Seed Co., Japan) were evaluated with the Dm-1 marker. The tests were conducted without prior knowledge of the disease reactions or the pedigrees of these lines. The samples included 47 commercial cultivars, 57 breeding lines from Rijk Zwaan Seed Co. (Netherlands) that were developed using the original male source of resistance (races 1 through 7, and race 9 resistance) used in making the Lion hybrid, and a set of lines that included 19 parental inbreds and F 1 hybrids provided by Takii Seed Co (Japan). The genotype of the line at the Dm-1 locus was then compared to the known race 6 disease reaction and the putative genotype at Pfs-1 based on the pedigree.
RESULTS
Near-isogenic lines for race 6 resistance (Pfs-1). For each backcross generation, resistant progenies were identified by screening for disease reactions to race 6. Preliminary tests indicated that sibling crosses of Viroflay × Viroflay produced progeny that were all susceptible to race 6, indicating that Viroflay was homozygous susceptible (pfs-1pfs-1) at Pfs-1. In contrast, the F 1 progeny from the Lion × Lion sib cross segregated in a 3:1 resistant to susceptible ratio for race 6 (Irish et al., unpublished data [2, 13] ) indicating that Lion is heterozygous at Pfs-1.
The bulked F 1 population consisted of 123 resistant (Pfs-1pfs-1) and 95 susceptible (pfs-1pfs-1) plants (PL1 to PL7 combined), and fit the expected 1:1 ratio based on a nonsignificant chi-square value at P = 0.05 (Table 1) . Similarly, the backcross populations (BC 1 F 1 to BC 3 F 1 ) did not show significant deviation from the expected 1:1 ratio (Table 1) . Slight deviation from the 1:1 ratio was observed in one of the lines (PL4 of the BC 1 F 1 population), which could have been due to the low number of individuals evaluated. These results were consistent with the hybrid cv. Lion being heterozygous (Pfs-1pfs-1) at the resistance locus Pfs-1and with the resistance to race 6 of Pfs being controlled by a single dominant gene.
As a step toward the development of an NIL for Pfs-1 in the Viroflay genetic background, the relative genetic contributions of the donor and recurrent parents in the BC 3 F 1 progenies were assessed based on DNA fingerprints from 430 AFLP loci using the Jaccard's similarity coefficient estimation. Based on this analysis, the similarity coefficients of the resistant bulk populations with the donor (Lion) and recurrent (Viroflay) parents were estimated at 0.764 and 0.827, respectively. Also, the similarity coefficients of the susceptible bulk populations with the donor and recurrent parents were estimated at 0.772 and 0.831, respectively. These results indicated that the backcrossing and selection scheme used in this study were effective for introgressing the Pfs-1 locus into the genetic background of Viroflay.
AFLP marker for Pfs-1. A total of 64 AFLP primer combinations were used to screen the BC 3 F 1 population for candidate markers that co-segregated with Pfs-1 using bulk segregant analysis. Twelve randomly selected individuals from each of the resistant and susceptible groups of the BC 3 F 1 were used to construct the resistant and susceptible bulk populations. Although several candidate markers for Pfs-1 were identified during the bulk population screening procedure, the AFLP primer combination with E-ACT and M-CTG as the selective nucleotides appeared to be the only primer set that clearly identified a marker with linkage to the resistance locus. Analysis of an additional 23 resistant and 24 susceptible individual plants from the same BC 3 F 1 population showed that the candidate 199 bp fragment associated with resistance was detected in 21 of 23 resistant plants examined (Fig. 1) . In contrast, this marker was not amplified from any of the 24 susceptible plants examined. Together, these results confirm linkage of the AFLP marker to the resistance locus, Pfs-1. The distance of the E-ACT/M-CTG AFLP marker from Pfs-1 was estimated by Mapmaker Exp 3.0 (Eric Lander, Cambridge, MA) to be approximately 4.4 cM. SCAR marker for Pfs-1. The resolution of AFLP markers for marker-assisted selection (MAS) is limited by their dominant mode of inheritance and the technical nature of the approach. AFLP markers that are linked to a gene of interest must be converted to a co-dominant marker to be able to distinguish homozygous from heterozygous individuals in segregating populations. In order to use the E-ACT/M-CTG fragment for the development of a PCR-based marker for Pfs-1, the 199-bp DNA fragment from four independent AFLP reactions was cloned and sequenced (BI-1, BII-13, BIII-14, and BIV-18). The resulting sequences were aligned and identical sequences were used to design SCAR primers to amplify the Dm-1 locus from the individual BC 3 F 1 progenies and from various spinach genotypes that are either resistant or susceptible to race 6.
Four pairs of SCAR primers (Table 2) were evaluated for their ability to direct the amplification of the two different alleles of the Dm-1 locus, one specific to resistant genotypes and another specific to susceptible genotypes (Fig. 2) . One of these SCAR markers (Dm-1), which exhibited allelic polymorphism between the parental genotypes Viroflay and Lion, was selected for further screening of the BC 3 F 1 progenies. The Dm-1 SCAR marker amplified two bands (designated as alleles Dm-1 and dm-1, for the larger and smaller fragments, respectively) from Lion plants. As expected, Lion plants were heterozygous at the Dm-1 locus (Dm-1dm-1) and were heterozygous at the Pfs-1 locus. In contrast, a single band was amplified with the Dm-1 marker from the susceptible cv. Viroflay, which is homozygous susceptible at Pfs-1 and homozygous at the Dm-1 locus (dm-1dm-1). Analysis of 118 BC 3 F 1 plants showed that 52 out of the 54 race 6 resistant plants were heterozygous at Dm-1 (Dm-1dm-1), whereas all 64 susceptible plants were homozygous at Dm-1 (dm-1dm-1). Based on these results, the larger of the amplified fragments was specific to the resistant phenotype at the Pfs-1 locus, whereas the smaller fragment was specific to the disease susceptible phenotype at the Pfs-1 locus. The presence of both alleles at Dm-1 predicted heterozygosity (Dm-1dm-1) and disease resistance at the Pfs-1 locus. Given that the backcross parental genotypes at the Pfs-1 locus were Pfs-1pfs-1 (Lion) × pfs-1pfs-1 (Viroflay), the two expected genotypes in the F 1 progeny were Pfs-1pfs-1 and pfs1pfs-1. Therefore, the result of the SCAR analysis was consistent with the expected genotypes of the BC 3 F 1 backcross progenies if the marker was linked to Pfs-1. Based on these data, the location of the Dm-1 marker locus and the Pfs-1 resistance locus was further delineated to a 1.7 cM region of the spinach genome in this mapping population.
Testing of the Dm-1 marker. To further evaluate the linkage between Dm-1 and Pfs-1, individual plants of the BC 3 F 1 that were heterozygous at Dm-1 (Dm-1dm-1) were selfed. The genotypes observed in the progeny were as expected (Dm-1Dm-1, Dm-1dm-1, and dm-1dm-1) (Fig. 3) , with homozygous (Dm-1Dm-1) and heterozygous (Dm-1dm-1) progeny being resistant to race 6 (results not shown). Two individual plants that had the Dm-1 allele at the marker locus and were resistant to race 6 (and, presumably homozygous resistant at Pfs-1) were selfed (BC 4 S 2 ) (plant 17A [n = 204] and plant 12F [n = 14]). All 218 plants from these two BC 4 S 2 plants were resistant to race 6. Seventy-eight of these resistant plants were tested with the Dm-1 marker and, as expected, all were homozygous at the Dm-1 locus (Dm-1Dm-1).
Fig. 2. Sequence characterized amplified region (SCAR) marker genotypes.
Allelic polymorphism is shown at the Dm-1 locus by the occurrence of a resistance-associated allele 'Dm-1' and susceptibility-associated allele 'dm-1'. The SCAR markers Dm-1, Dm-3, and Dm-4 were co-dominant. With these three markers, the resistant parent cv. Lion, which segregated for the disease resistance phenotype, was heterozygous (Dm-1dm-1) at the marker locus. The susceptible parent cv. Viroflay was homozygous (dm-1dm-1). The individual BC 3 F 1 progenies from the resistant bulk were heterozygous (Dm-1dm-1), whereas those from the susceptible bulk were homozygous (dm-1dm-1). Dm-5 was a dominant SCAR marker and showed either the resistance-associated or susceptibility associated allele for each plant. The letters at the base of the figure refer to the race 6 disease reaction phenotype; R = resistant and S = susceptible. Thus, the NIL-Pfs1 line developed was true breeding for resistance to race 6 (2).
To further assess the applicability of the Dm-1 marker in predicting the disease reaction phenotype at the Pfs-1 locus, a total of 123 unrelated genotypes representing cultivars and breeding lines outside of the mapping population were evaluated with Dm-1. Dm-1 genotyping was conducted in blind tests without prior knowledge of the disease phenotype or pedigree. There was complete correspondence between the predicted disease resistance phenotype and the marker for 120 of the 123 genotypes tested (Table 3 ). The fragment amplified by the Dm-1 marker showed complete agreement between the genotype determined by Dm-1, the disease reaction to race 6, and/or the known or hypothesized genotype at Pfs-1. For example, all 70 cultivars from five different companies, and that were known to be susceptible to race 6 based on inoculation tests, were homozygous susceptible at the Dm-1 locus (dm-1dm-1) and the Pfs-1 locus (pfs-1pfs-1) ( Table 3 ). For the 53 genotypes that were resistant to race 6 based on inoculation tests, 43 were either Dm1Dm-1 or Dm-1dm1 genotypes (Table 3 ). For the 10 other cultivars, seven (Monet, Cezanne, Van Gogh, Sunny, Lazio, Tyee, and Tarpy) were resistant to race 6, but were dm-1dm-1. However, for all seven of these cultivars, it was either known or hypothesized, based on their pedigree, that the race 6 resistance was conferred by an allele at a locus other than Pfs-1. However, three genotypes from Rijk Zwaan (1A6, 1A8, and 1A10), were predicted to be susceptible based on the Dm-1 marker (dm-1dm-1), but were resistant to race 6 and were either homozygous or heterozygous resistant at Pfs-1 based on the pedigree (Table 3) . Thus, the linkage between the Dm-1 and Pfs-1 loci appears to have been broken in these three genotypes.
As anticipated, the BC 3 F 1 bulked population was susceptible to races 8 and 10 as neither cv. Lion nor cv. Viroflay is known to have resistance to race 10 and only the female parent of cv. Lion has resistance to race 8 (Table 4) . Disease reactions for races 1, 2, 4, 5, 6, and 7 segregated in a 1:1 ratio indicating that the resistance locus identified in the BC 3 F 1 population originated from the male parent (which was resistant to races 1 through 7, and 9) and not the female parent (which was resistant to races (1, 3, 5, 8, and  9 ) of the hybrid Lion.
DISCUSSION
The spinach industry has changed considerably over the past decade due to significant increases in demand for pre-cleaned packaged fresh market spinach (17, 22, 24) . Thus, spinach breeding efforts have largely focused on developing elite hybrid cultivars with specific horticultural phenotypes and resistance to prevalent races of Pfs (21, 22) . Although there are 10 known races of Pfs (14, 15) , relatively little is known about the genetics of resistance to this important pathogen apart from the initial reports on resistance to races 1, 2, and 3 (10, 11, 12, 26, 27) .
The development of a set of open-pollinated near-isogenic differentials for each of the known races of Pfs in common genetic backgrounds would be a valuable tool to dissect the genetic basis of resistance in spinach as well as for routine race identification. To address this limitation, a traditional backcrossing method was used to introgress resistance to race 6 from the proprietary donor hybrid spinach cv. Lion into the genetic background of the open pollinated cv. Viroflay, which is susceptible to all known races of the downy mildew pathogen (14, 15) . This population was then used to identify linked molecular markers. Several parallel studies indicated that a moderate level of AFLP polymorphisms was present in the Viroflay × Lion population used (13) . During the backcrossing process, bulk segregant analysis was used to tag the introgressed Pfs-1 locus with AFLP and SCAR markers to facilitate indirect selection for the desired resistance allele, as has been successfully done in other studies (1, 25, 29) . In the BC 3 F 1 generation, the theoretical genetic contribution of the recurrent parent would be 93.75% (21) . In this backcross scheme, use of the AFLP tag E-ACT/M-CTG for the resistance locus, linked at a distance of 4.4 cM, was effective in identifying introgression lines that were genetically more related to the recurrent parent than previous backcross lines, but still contained the Pfs-1 resistance locus from Lion.
All four SCAR primer combinations evaluated were polymorphic between Viroflay and Lion; three were co-dominant (Dm-1, Dm-3, Dm-4) and one was dominant (Dm-5). Dm-1 was chosen for further evaluation because it was co-dominant and consistently distinguished the known homozygous resistant (Pfs-1Pfs-1), heterozygous resistant (Pfs-1pfs-1), and homozygous susceptible (pfs-1pfs-1) plants. The resistant and susceptible BC 3 F 1 progenies analyzed with Dm-1 had genotypes consistent with having the resistant and susceptible alleles, respectively. Dm-1 also revealed the expected heterozygosity of the resistant progenies having the heterozygosity of the original donor parent cv. Lion. The discrepancies in the linkage (4.4 cM for the AFLP marker and 1.7 cM for the Dm-1 marker) were probably related to differences in the size of the population being evaluated with each procedure. For example, a population size of 47 individuals was screened in the AFLP procedure. After confirming linkage with the AFLP marker and the subsequent development of the Dm-1 SCAR marker, a larger population (118 individuals) was screened. For both the AFLP and the PCR based tests, two recombinant individuals were identified out of 47 and 118 individuals examined, respectively (i.e., a plant with a resistant phenotype, but a susceptible genotype).
The results of this study also showed that the Dm-1 marker was robust for predicting homozygous resistant, heterozygous resistant and homozygous susceptible genotypes at the Pfs-1 locus among a diverse collection of commercial spinach cultivars and advanced breeding lines outside of the mapping population ( Table  3 ). The Dm-1 marker correctly identified the disease phenotype and/or the genotype in 113 of 123 genotypes tested. However, for 10 lines, a discrepancy between the predicted disease phenotype and phenotype predicted by the Dm-1 marker, was obtained in which the lines that were resistant to race 6 but "Dm-1" allele was not detected. This discrepancy may be attributed to a number of reasons. First, the hybrids examined are proprietary material from several different companies and different sources of resistance to race 6 (i.e., different Pfs-1 alleles or different Pfs resistance loci) may have been used in the development of the hybrids. This hypothesis is supported by data generated following evaluation of the resistance of commercial cultivars to race 5 of the spinach downy mildew pathogen (14, 15) . For example, when race 5 appeared, some previously developed cultivars that had race 1, 2, 3, and 4 resistance were susceptible to race 5 whereas others were not, indicating that different sources of resistance likely were used for producing the hybrids. Consequently, based on the data in the current study, it is hypothesized that resistance to race 6 in certain cultivars (such as Monet, Cezanne, Van Gogh, Sunny, Lazio, Tarpy, and one particular line of Tyee) (Table 3) may be conferred by a locus other than Pfs-1. Alternately, the Dm-1 SCAR marker may not work on some race 6-resistant cultivars due to DNA sequence differences at the primer sites or the linkage between Pfs-1 and Dm-1 may have been broken in some of the advanced breeding lines. For example, for three lines from Rijk Zwann Co., there was disagreement between the Dm-1 marker and the resistance phenotype results, indicating that the linkage between Dm-1 and Pfs-1 may have been broken. A similar disagreement in the results between the Dm-1 marker and the resistance phenotype was observed with a specific Tyee cultivar obtained by the authors approximately 15 years ago. This was the only commercial cultivar examined in which there appears to be a break in the linkage between Dm-1 and Pfs-1.
Interestingly, the Pfs-1 locus isolated in the BC 3 F 1 population was effective at conferring resistance to multiple races of Pfs based on screens conducted with other races (Table 4 ). This suggests that the Pfs-1 locus is either a cluster of tightly linked genes or that a single gene confers resistance to multiple races. There are numerous examples in plants where disease resistance genes are clustered (18, 19, 28) . Thus, more work is needed to map, in finer detail, the Pfs-1 locus and identify the gene or genes conferring resistance to race 6 and other races in the germplasm developed in this study. Nonetheless, the efforts outlined in the current study should serve as a foundation to develop a better understanding of disease resistance in this host-pathogen system. Furthermore, the polymorphic AFLPs generated from this study could also serve as the base population of markers that can be used to tag and introgress other Pfs loci, into the genetic background of Viroflay, in order to establish a set of NILs for downy mildew resistance in spinach.
Although there is a great deal of potential for the use of MAS in breeding programs, the reality is that there are relatively few reports of the actual application of MAS in such programs. There are a number of reasons why MAS has not been used more effectively in functional breeding programs (for reviews see literature citations 7 and 18). The results of this study indicate the utility of a marker-assisted approach for selecting for resistance at the Pfs-1 locus, for future analysis of other downy mildew resistance genes in spinach, and the subsequent pyramiding of these resistance genes.
In summary, the present study demonstrated that the Dm-1 codominant SCAR marker developed was robust and could be used to expedite the introgression of a single locus controlling downy mildew resistance in spinach using a combination of conventional backcrossing and MAS. The marker can also be used to differentiate lines fixed for resistance, i.e., homozygous (Pfs-1Pfs-1) at Pfs-1 from those that are heterozygous resistant; this cannot be done using the traditional pathogen inoculation. This could significantly reduce the time needed to develop elite lines since the selection for plant type could focus on the lines that are fixed for resistance. Additionally, the Dm-1 marker could have a very practical utility for determining the level of undesirable inbreds (selfed females) generated during the production of elite hybrids.
